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Abstract—Turbulence is due to the random variations of the 
refractive index of the medium (in this case water), which leads to 
fluctuation or fading of the received light intensity. In wireless 
communications including underwater optical wireless 
communications the link performance is greatly affected. In this 
paper, we investigate the effect of turbulence on the probability 
density function (PDF) of the received light intensity. We show 
that lognormal and negative exponential distributions are fitted 
well with the PDFs of the received light intensity in weak-to-strong 
and saturated turbulence regimes. The goodness of fit test is 
performed to validate the conformity of these two distributions 
with the simulation results. Furthermore, we investigate the effect 
of the divergence angle of the Gaussian beam transmitter, the 
receiver’s aperture diameter and field of view on the scintillation 
index.     
Keywords-UOWC; turbulence; PDF; lognormal; negative 
exponetial; scintillation index; OWC 
I. INTRODUCTION 
Underwater optical wireless communications (UOWC) has 
attracted a great deal of attentions in recent years. Using optical 
carriers in the blue-green wavelength bands offers higher 
communications bandwidth compared to the acoustic and radio 
frequency (RF) technologies based underwater wireless 
communications [1]. However, the environmental factors do 
greatly impact the performance of UOWC systems. The most 
important and well-studied environmental factors are the 
absorption and multiple scattering and their impacts on the 
performance of UOWC systems e.g., power loss, bandwidth 
degradation and bit error rate (BER) have been studied 
thoroughly [2-4]. 
In addition, turbulence also influences the propagating light 
wave and therefore affecting the UOWC link performance. The 
effects of turbulence in free space optical communications 
(FSO) have been extensively studied and reported in the 
literature [5]. However, in UOWC experimental investigation of 
turbulence effect on the link performance is more challenging, 
thus the focus being on system modelling and simulation [6]. A 
simple physical model representing a real underwater 
environment under different turbulence conditions based on 
Monte Carlo simulation, which considered all the transmitter 
(Tx), channel and receiver (Rx) was reported in [7].  From the 
two most important parameters, which determined the influence 
of turbulence, the refractive index variation Δn and its effect on 
the probability density functions (PDFs) of the received light 
intensity was investigated in [7]. The effect of transmission link 
span L on the PDFs of the received light intensity is investigated 
in this paper, which has not been studied yet. 
Using the precise PDF of the received light intensity is 
important in system modeling and BER analysis. Lognormal 
distribution was adopted for weak and moderate turbulence 
regimes in [7-14]. In [11] both Gamma-Gamma and K 
distributions were adopted for the scintillation index (SI) values 
greater than 1 and a combination of exponential and lognormal 
distributions was used for 0.1 < SI < 1. In all these cases, the 
PDFs were obtained for the channel (30×40×200 cm3) with air 
bubbles, which of course cannot be considered to represent a real 
underwater environment. Note that, performing experimental 
test and measurements under the strong and saturated turbulence 
regimes is a challenging task, therefore the focus is more on 
numerical and simulation investigations.  
Based on the previously proposed turbulence model given in 
[7], in this paper we investigate the fluctuations of the received 
light intensity for a range of link spans and predict its PDF under 
the weak-to-strong and saturated turbulence regimes. 
Furthermore, we investigate the SI by considering the 
divergence angle of the Gaussian beam Tx and the Rx’s aperture 
diameter as well as its field of view (FOV).  
The rest of the paper is organized as follows. The proposed 
PDF distributions are described in section II. Simulation results 
are discussed in section III and section IV concludes the paper. 
II. PDF DISTRIBUTIONS 
Turbulence in atmosphere is categorized as weak, moderate, 
strong and saturated based on its strength [15]. Up to now there 
is no comprehensive single mathematical model for turbulence, 
because of the complex nature of the environment. The three 
most widely adopted PDF distributions of the received light 
intensity in FSO for the weak, weak-to-strong and saturated 
regimes are lognormal, Gamma-Gamma and negative 
exponential, respectively. In this work, both lognormal and 
negative exponential distributions are considered. The 
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lognormal distribution of the received light intensity I is given 
by [16]: 
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where I0 is the mean received light intensity and 
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The negative exponential distribution is given by [15]: 
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III. SIMULATION RESULTS 
A. PDF Distributions  
The model used in [7] was based on the interaction of 
propagating photons with the consecutive turbulent cells with 
different refractive indices and sizes, see Fig. 1. Turbulent cells 
are defined with consecutive layers with a width ∆z on the z-
axis. The curved boundaries with the radius Ri and a normal 
vector 
in = (sinθi cosφi, sinθi sinφi, cosθi) separate the adjacent 
layers. By choosing θi and φi randomly, rotation of curved 
boundaries along the z axis is implied. Note, θi is the polar angle 
chosen randomly between zero and θmax and φi is the radial angle 
chosen randomly within the range of [0, 2π] with a uniform 
distribution. Δn and L are the two important factors to affect the 
strength of turbulence as in [7]. Here we fix Δn to 80e-5 and 
consider the effect of L on the PDF of the received light 
intensity. All the key system parameters are listed in Table 1. 
For more information on system parameters refer to [7]. 
 
Figure 1.  A schematic diagram of the system consisting of Tx, turbulent 
channel and Rx 
Fig. 2 shows the PDF of the simulated received light 
intensity against the normalized intensity fitted with lognormal 
and negative exponential distributions for a range of L and SI. 
Note that, the total number of received photons at the Rx for all 
1e3 channel realizations were normalized to the average 
intensity I0 and the SI values were obtained from (2). As shown 
there is a good fit between the lognormal and negative 
exponential distributions and the simulation results for the weak-
to-strong and saturated turbulence regimes, respectively. Note, 
other reported turbulence PDF distributions for strong 
atmospheric turbulence e.g., lognormal-rician, I-K, K and 
Gamma-Gamma distributions all tend to negative exponential 
distribution therefore, are not considered here [15]. 
TABLE I.  MODEL PARAMETERS 
Section 
System Parameters 
Parameter Value 
Tx 
Number of Transmitted 
Photons 
1e4 
Wavelength 520 nm 
Beam Divergence 
Angle (Half Angle) 
0.00075 rad 
RMS Beam Width 15 mm 
Rx 
Aperture Diameter 100 mm  
Aperture FOV 180˚ 
Underwater 
Channel 
Link Span 
30, 40, 80, 120, 
150 m 
Number of Channel 
Realizations 
1e3 
∆n 80e-5 
∆z 50 cm 
θmax 45˚ 
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(d) 
Figure 2.  PDF of the simulated received light intensity vs. the normalized 
intensity fitted with lognormal and negative exponential distributions for: (a) 
L = 40 m and SI=0.08 (b) L = 80 m and SI=0.52 (c) L = 120 m and SI=0.9, 
and (d) L = 150 m and  SI=1.40 
TABLE II.  R2 VALUES 
PDF R2 SI  
Lognormal 
0.8762 0.08 
0.8211 0.52 
0.9891 0.9 
Negative 
Exponential 
0.9751 1.40 
 
B. Goodness Of  Fit (GOF) Test  
 To evaluate how well the PDFs of simulation results fit with 
the lognormal and negative exponential distributions, we 
determine the coefficient of determination R2 as given by [17]:  
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where, N is the number of bins in the simulation distribution, 
xi and yi are the simulated and predicted values for the ith 
intensity bin, respectively and ?̅? is the average of xi. Generally 0 
< R2 < 1, where the upper value i.e., 1 indicates a close fit 
between the simulation results and the lognormal and negative 
exponential distributions. Table II shows R2 and SI for all cases.  
C. SI Variations  
In addition to L and Δn, we also consider the divergence 
angle of the Gaussian beam Tx and Rx’s aperture diameter as 
well as FOV impact on the SI. Fig. 3 shows the SI variations as 
a function of the Tx’s divergence angle for a range of Δn and for 
L = 30 m. As depicted in Fig. 3, SI increases with Δn. For lower 
values of the divergence angles, the transmitted beam 
illuminates the center of the Rx (i.e., photodetector surface) and 
due to aperture averaging the turbulence effect is low. However, 
the SI increases with the divergence angle due to more beam 
spreading and beam wandering and then reaches the saturated 
levels. In this state, the beam width is wider than the Rx’s area 
and the beam wandering effect reduces thus resulting in reduced 
SI.  
 
Figure 3.  SI vs. Tx’s divergence angle for different values of Δn and for L = 
30 m  
Fig. 4 shows the SI variations as a function of the Rx’s 
aperture diameter for different values of Δn and for L = 30 m. 
As shown the SI decreases with the aperture diameter increase 
for all values of Δn. Increasing the aperture diameter by ten 
times results in reduced SI by 100 times. Mitigating the random 
fluctuations of the received light intensity by increasing the 
aperture area is known as aperture averaging which compensates 
for the scintillation and beam wander effects [18]. It should be 
noted that, increasing the aperture area will also increase the 
background noise, thus leading to lower signal to noise ratio 
which is not considered here. 
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Figure 4.  SI vs. Rx’s aperture diameter for different vlaues of Δn and L = 30 
m  
Finally, Fig. 5 illustrates the variation of SI against the Rx’s 
FOV for different values of Δn and for L = 30 m. The effect of 
turbulence on the fluctuations of the angle of arrival of photons 
at the Rx is negligible. Therefore, increasing the Rx’s FOV has 
negligible effect on the SI except for the FOV < 1˚. For lower 
values of Δn, the effect of the FOV increase on SI is negligible 
since the angular spreading at the Rx is less. However, for higher 
values of Δn, it is more significant. E.g., for Δn = 80e-5, 
increasing the FOV by ten times results in reducing the SI by 
14.8 times.  
 
Figure 5.  SI vs. Rx’s FOV for different vlaues of Δn and L = 30 m  
IV. CONCLUSION 
Link span is one of the main factors affecting the turbulence 
strength and hence the fluctuations of the received light 
intensity. Based on our previously proposed turbulence model, 
we investigated the effect of link span up to 150 m on the PDF 
of the received light intensity while the water refractive index 
variation was the same in all cases. Simulation results showed 
that lognormal and negative exponential distributions fitted well 
with the PDF of the received light intensity for weak-to-strong 
and saturated turbulence regimes, respectively. Performing GOF 
test, it was shown that the two mentioned distributions predict 
the simulation results well. In addition, the effect of the Tx’s 
divergence angle, Rx’s aperture diameter and FOV on SI were 
investigated. It was shown that while the SI variations with the 
Tx’s divergence angle depends on the refractive index variation, 
increasing the Rx’s aperture diameter and FOV reduce the SI.    
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